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Abstract
Design of a proper scaffold is the first step in fabrication of a tissue engineering product, which should be able to
support cellular growth in in vitro conditions. This study focuses on the fabrication and characterization of
chitosan (CS) scaffolds containing PEDOT:PSS, a conductive polymer. The scaffold is primarily designed for
cardiac tissue engineering, although it can be used for other applications too. Chitosan scaffolds containing 0.3,
0.6 and 1 wt% of PEDOT:PSS are fabricated through electrospinning. The structure and morphology of scaffolds
are characterized by scanning electron microscopy (SEM), 3D Laser Measuring Microscopy and Fouriertransform infrared spectroscopy (FTIR). The electrical and mechanical properties, as well as biocompatibility and

cell viability of scaffolds are also investigated. It is found that addition of PEDOT:PSS to chitosan scaffold not only
enhances the mechanical properties and electrical conductivity of electrospun scaffolds, but also improves their
biocompatibility and cell viability. Our results have shown that increasing the PEDOT:PSS content up to 1 wt%
results in 30–40% reduction of fiber diameter and increase in electrical conductivity by around 100-fold.
Additionally, in the scaffold containing 1 wt% of PEDOT:PSS, the tensile strength increases about 9 MPa
compared to the neat sample. Results obtained from scaffolds compared with the properties of native
myocardium extracellular matrix reveal its potential application for cardiac tissue engineering.
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1. Introduction
During the past two decades, cardiac diseases have been one of the most prominent causes of death, and have
remained a serious health risk in the 21st century, even in developed countries [[1], [2], [3], [4]]. Cardiac failure
happens as a final result of cardiac infarction in left ventricle, where cardiac muscle cells have limited potential
for regeneration of damaged tissue [2,4,5]. Heart transplant have not been established as a standard method of
treatment, despite being the most applicable treatment method, due to low number of donors and undesirable
immunologic responses [2,4]. These limitations have drawn more attention to using cellular therapy and tissue
engineering approaches [[4], [5], [6]]. Different in vitro and in vivo studies have shown promising results in this
area [5]. However, one of the biggest challenges with engineering cardiac tissue is the fabrication of a porous
nanofibrous scaffold that can mimic the physical and chemical properties of target tissue's extra-cellular matrix
(ECM), which can support cellular adhesion, proliferation and nutrition delivery [4,7]. Electrospinning is more
adaptable in mimicking ECM features, due to having a better control over surface area, diameter of fibers and
incorporation of biological agents [4]. Cardiac muscle tissue possesses electro-conductive properties, making it
possible for transmission of beating electrical signals [5]. Due to this feature, use of non-conductive scaffolds for
cardiac muscle will result in disturbance of intracellular signaling [1,8].
Chitosan (CS), as a natural polymer provided by deacetylation of chitin, is abundantly used in tissue engineering
scaffold fabrication due to its biocompatibility, non-toxicity, hydrophilicity, rapid kinetics and high processability
[9,10]. Due to presence of amine groups in its structure, chitosan has a cationic property, allowing a positive
charge even in acidic environments. Due to this reason, as well as low conductivity of this material,
electrospinning of chitosan is reported to be difficult [10,11]. To solve this problem, several easily
electrospinnable polymers have been suggested by researchers to blend with CS, such as poly(vinyl alcohol)
(PVA), poly(ethylene oxide) (PEO) and more [12,13]. For example, uniform chitosan/PVA fibers with an average
diameter of 99 ± 21 nm were made from a chitosan/PVA solution in 40:60 mass ratio [12]. Also, in the same

research, the results showed the successful construction of Chitosan fibers by adding of PEO in 2:1 or 1:1 mass
ratios of chitosan to PEO from chitosan/PEO solutions [13].
Many materials in recent years, including carbon nanotubes, graphene and poly (glycerol sebacate), have been
used together with chitosan in order to enhance physical properties [11,14]. Although these efforts could
enhance the fabrication and physical properties of scaffolds, some of these materials, such as carbon nanotubes
and graphene, cause the loss of biocompatibility and biodegradability of scaffolds simultaneously with the
proper upgrade in mechanical and electrical properties [[15], [16], [17]]. For instance, measurement of
graphene's and carbon nanotubes' toxicity on neuronal PC12 cells show that adding 100 μg of graphene to 1 ml
of cell culture medium reduced the metabolic activity of cells by 50% in 24 h, along with significant LDH (cell
membrane damage marker) release was noted after 24 h. Addition of 100 μg carbon nanotube to neuronal
PC12 cells induce a dramatic release of LDH and reduced the metabolic activity of cells by 70% in 24 h [18].
Among the conductive polymers, PEDOT:PSS has been widely used in biomedical applications. It is a
poly(thiophene) derivative formed during the polymerization of bicyclic 3,4-ethylenedioxythiophene [19]. Due to
proper bond length and chemical properties, PEDOT:PSS has higher chemical and thermal stability than other
commonly used polymers, including poly(pyrrole)(PPy) and poly(aniline)(PANi) [[19], [20], [21]]. There was no
report of toxicity when using PEDOT:PSS as a coating layer for platinum, gold and iridium oxide implants, and
results show acceptable immunologic response and high biocompatibility from this polymer [22,23].
To the best of author knowledge, there is no comprehensive study on the effect of PEDOT:PSS on
electrospinning of CS base scaffolds in order to obtain conductive fibers with proper mechanical properties.
Hence, in this study, PEDOT:PSS has been used together with chitosan to fabricate electrically-conductive
scaffold with superior mechanical properties and biocompatibility through electrospinning, mimicking physical
properties of myocardium ECM.

2. Materials and methods
2.1. Materials

Chitosan (medium molecular weight, DDA = 80%), polyvinyl alcohol (PVA, 99% hydrolyzed), poly (3,4ethylenedioxythiophene)–polystyrenesulfonic acid (PEDOT:PSS) dispersion (1.3 wt% in water, conductive grade)
were all purchased from Sigma-Aldrich (Germany). Glutaraldehyde, glycine, ethanol and dimethyl sulfoxide
(DMSO) were purchased from Merck Co. (Germany). Dulbecco's Modified Eagle Medium (DMEM), fetal bovine
serum(FBS), trypsin and phosphate buffer saline (PBS)were purchased from Invitrogen (USA).

2.2. Electrospinning of scaffolds

In order to fabricate scaffolds, 4 wt% of chitosan solution was dissolved overnight in 7% v/v acetic acid at room
temperature by magnetic stirring (150 rpm). Afterwards, different amounts of PEDOT:PSS dispersion was added
to reach electrospinning solutions, including pure chitosan and 0.3, 0.6 and 1 wt% chitosan-PEDOT:PSS solutions
(Table 1). Then, 12 wt% PVA was dissolved overnight in deionized water at 80 °C using magnetic stirring. Upon
completion of dissolving, PVA was cooled down to room temperature and added to chitosan-PEDOT:PSS
solutions at a weight ratio of 3:1, followed by magnetic stirring (200 rpm for 1 h) to reach homogenous solution.
Table 1. Properties of chitosan, PVA and PEDOT:PSS solutions.
Sample
CS/PVA
CS/PVA/PEDOT:PSS (0.3)
CS/PVA/PEDOT:PSS (0.6)

ChitosanPVA
1:3
1:3
1:3

PEDOT:PSS (wt.%)
–
0.3
0.6

Electrical conductivity of
electrospinning solution (μS/cm)
215 ± 14
366 ± 29
801 ± 11

CS/PVA/PEDOT:PSS (1)
1:3
1
912 ± 7
Details of the solid content of all samples are presented in Table 2. This information will help to understand
which factor has a major impact on the diameter of the fibers.
Table 2. Solid content of all samples.
Sample
CS/PVA
CS/PVA/PEDOT:PSS (0.3)
CS/PVA/PEDOT:PSS (0.6)
CS/PVA/PEDOT:PSS (1)

Chitosan(g)
0.8
0.8
0.8
0.8

PVA(g)
2.4
2.4
2.4
2.4

PEDOT:PSS(g)
0
0.0096
0.0192
0.032

Electrospinning of the prepared solution was carried out using a double nozzle electrospinning apparatus (Nano
Azma Co., Iran) for 10 h at 0.5 ml/h flow rate, 2500 rpm speed of aluminum wrapped collector, 20 kV applied
voltage, and 18 cm nozzle-to-collector distance. These parameters were optimized using pure PVA-chitosan
solution and applied to all samples. Upon completion of electrospinning, aluminum foil was removed and cut for
subsequent characterization methods.
In order to crosslink polymer scaffolds, electrospun nanofibrous mats were removed from aluminum foil and
subjected to 0.2 M Glutaraldehyde solution vapor in desiccator placed inside oven at 80 °C for 1 h. Then, the
samples were kept in vacuum oven for 24 h at 50 °C for completion of crosslinking. Afterwards, scaffolds were
washed with 1% glycine solution in deionized water for three steps of 30 min for removal of residual crosslinking
agent.

2.3. Characterization

Morphology of electrospun scaffolds were evaluated using scanning electron microscope (SEM). The fiber
diameter and average fiber diameter of electrospun scaffolds were calculated using image J software. The
surface morphology and roughness of electrospun scaffolds were performed using a 3D Laser Measuring
Microscope(LEXT OLS4000, Olympus, Japan). Surface characterizations and roughness of scaffolds were
measured using OLS4100 offline V3.11 software.
In order to study the chemical composition and present functional groups in electrospun scaffolds, Fourier
transform infrared (FTIR) spectra were recorded on a Perkine-Elmer.
Electrical conductivity of electrospinning solutions was measured before electrospinning at 25 °C using a
conductometer device (WDA-CMD510). Electrical conductivity of solutions was measured with 5 repeats and
results were reported as average conductivity.
Tensile properties of electrospun scaffolds were characterized using Instron-3367 universal uniaxial tensile
testing machine. Electrospun scaffolds were cut into 5 × 30mmspecimens. Test was carried out with three
repeats for each specimen at grip speed of 1 mm/min until their failure.
Electrical conductivity of electrospun scaffolds were also measured using Kithley-2361 multimeter. Electrospun
scaffolds were removed from aluminum sheet and cut into 15 × 1 mm sample. Test was carried between two
electrodes with length of 10 mm. Voltage was ranged between 10 and −10 V and current was measured at least
three times. The electrical conductivity was obtained from current-voltage (I–V) curve.
MTT assay was used to evaluate the influence of physical and chemical characteristics of scaffolds on metabolic
activity and proliferation of cells on electrospun scaffolds. Accordingly, rat bone marrow mesenchymal stem cell
was seeded at density of 4000 cells/cm2 in 24 plates. MTT assay was performed at day 1, day 3 and day 7, and

optical density of formazan in DMSO for each specimen was measured with plate reader instrument to evaluate
metabolic activity of cell populations by use of equation (1).
(1)

OD =

absorbanceofthesamples − absorbanceofblankwells
absorbanceofTCPsamples − absorbanceofblanksamples

3. Results and discussion

3.1. Morphology of scaffolds

There are several factors involved with electrospinning that can be manipulated to change the diameter of
fibers. Conductivity of electrospun solutions is one of the key factors in determining the diameter of fibers [24].
SEM images and distribution of fiber diameters of scaffolds are shown in Fig. 1.

Fig. 1. SEM images and fiber diameter distribution of (a) CS/PVA, (b) CS/PVA/PEDOT:PSS (0.3), (c)
CS/PVA/PEDOT:PSS (0.6), and (d) CS/PVA/PEDOT:PSS (1) scaffolds.
As shown in Table 1, the increase in PEDOT:PSS content increases the electrical conductivity of solution. During
electrospinning process, higher conductivity of electrospun solution will facilitate pulling of polymeric jet toward
the collector [25,26]. Our results have shown that increasing the PEDOT:PSS content up to 1 wt% results in 30–
40%reduction of fiber diameter. Reduction of fiber diameter can also increase the fiber-fiber cross attachments.
PCL was used before together with chitosan and has been shown to decrease the diameter of electrospun fibers
[25]. PANi was also electrospun as a conductive polymer in electrospinning of cellulose and has been shown to
decrease the diameter of fibers. PANi additionally was utilized for facilitating electrospinning of collagen and
reduction of fiber diameter [27]. Addition of polyelectrolytes, including PAH, PAA and poly (ethylene oxide)
(PEO), has been shown to increase the conductivity of solution and lower fiber diameter in electrospinning
[[28], [29], [30]]. Increase of carried electrical current from electrospinning nozzle due to increased conductivity
has been stated to be the main factor decreasing the fiber diameter [28].
Equation (2) shows the parameters affecting fiber diameter in electrospinning [30].

(2)
3

2𝛾𝛾εQ2

d= �2
I 𝜋𝜋(2lnX − 3)

where d is the diameter of fibers, γ is the surface tension of solution, Q is the flow rate of the solution, I is the
current carried by the jet, X is the initial jet length divided by diameter of the nozzle and ε is the dielectric
constant of the solution. It is clear that at a constant electrical field, higher conductivity of the solution will result
in a lower diameter of fibers. Our results on changes of fiber diameter in different samples also follow this trend,
where scaffolds with highest amount of conductive polymers, and therefore with highest conductivity of
solution, have the lowest diameter of fibers (Fig. 1). Another factor influencing the diameter of the fibers was
the addition of PEDOT:PSS aqueous solution. According to Table 2, the highest added amount of PEDOT:PSS
solution was in CS/PVA/PEDOT:PSS (1) sample, which resulted in a 6% increase in volume. Adding the volume of
water to the solution, according to equation (2), will result in an increase in the flow rate and consequently, an
increase in the diameter of the fibers.

3.2. FTIR analysis

In order to check the presence of different functional groups in scaffolds, Fourier transform infrared
spectroscopy (FTIR) analysis was performed. Results of FTIR spectroscopy of different scaffolds are shown in Fig.
2. It should be mentioned that PVA and chitosan share a large number of functional groups, such as O–H and C–
H, therefore peaks identifying these functional groups might overlap, making it more difficult to detect these
functional groups. However, in FTIR data of CS/PVA scaffold, the peak between (3300-34000 cm−1) is related to
the stretch of O–H bond present in both PVA and chitosan [31]. Peak at ~2950 cm−1 and peak at (1370 1450 cm−1) are related to the respective stretch and bending of C–H bond in both PVA and chitosan [32]. Peak at
~1650 cm−1 and peak at ~1260 cm−1 are related to N–H bond and acetyl group in remaining chitin inside chitosan
polymer, respectively [33]. Peak at ~1740 cm−1 is related to C=O bond in remaining vinyl alcohol in PVA, which
does not participate in tautomeric reaction [34]. In pure PEDOT:PSS sample, peak at ~3100 cm−1,~1730 cm−1 and
~1450-1600 cm−1 are related to the stretch of C–H bond in PSS aromatic ring, stretch of C=C bond in thiophene
ring and C=C bond in aromatic bond, respectively [35,36]. Peak at ~800 cm−1, which is in fingerprint zone, is
related to bending of C–H bond in aromatic ring [37]. C–S bond in thiophene rings of PEDOT:PSS can be detected
with the peak at ~700 cm−1 [35].

Fig. 2. FTIR spectrum of PEDOT:PSS, CS/PVA, and CS/PVA/PEDOT:PSS (1).

Detection of functional groups in CS/PVA/PEDOT:PSS (1) scaffold was problematic due to the variety of peaks.
Bending of C–H bond and C–S bond in thiophene ring have increased the number of peaks in lower
wavenumbers [35,37]. Therefore, wavelength is inversely proportional to frequency of the wave, so lower
wavenumber will reduce the frequency of bond resonance within the nanocomposite, meaning that materials
inside the composite have higher stability as compared to pure samples.

3.3. Electrical conductivity of scaffolds

Electrical conductivity of fibers was measured with a Kithley-2361 multimeter. Data was in the form of current
as a function of voltage, where the reciprocal of the slope gives us the resistance (R). L/A ratio (where L is the
distance between 2 electrodes and A is the cross-sectional area of the fiber) was kept the same through all
samples. Conductivity of scaffold were measured using Equation (3).
(3)

𝜎𝜎 =

L
R×A

where, 𝑅𝑅 is resistance of scaffolds, collected from their relative I–V curve (Fig. 3).

Fig. 3. The current-versus-voltage curve of (a) CS/PVA, (b) CS/PVA/PEDOT:PSS (0.3), (c) CS/PVA/PEDOT:PSS (0.6),
and (d) CS/PVA/PEDOT:PSS (1) scaffolds.
After calculating the resistance of each scaffold using their I–V curve, electrical conductivity of each scaffold was
measured, which is shown in Table 3.
Table 3. Mechanical properties and electrical conductivity of CS/PVA and its PEDOT:PSS nanocomposites.
Sample
CS/PVA
CS/PVA/PEDOT:PSS (0.3)
CS/PVA/PEDOT:PSS (0.6)
CS/PVA/PEDOT:PSS (1)

Electrical conductivity
of scaffold (S/m)
6*10−5
1.5*10−3
5.02*10−3
7.63*10−3

Elongation at
break (%)
6.4 ± 0.3
5.6 ± 0.2
5.3 ± 0.1
5.6 ± 0.3

Ultimate strength
(MPa)
9.59 ± 0.63
13.07 ± 1.09
16.45 ± 1.13
18.78 ± 0.95

Toughness
(J*m−3)
34.56*106
33.54*106
42.38*106
48.87*106

Conductive polymers, due to the presence of conjugated π-electron backbone in their structure, have high
conductivity that provides a high variety of applications from electronic industry to medical devices
[20,[38], [39], [40]]. Conductive polymers, including PPy, PANi and PEDOT:PSS and polythiophene derivatives,
have already been used in engineering of cardiac, nerve and bone tissue [41,42]. Range of conductivity for non-

conducting materials and semi-conductors are 10−16-10−5 S/m and 10−5-10 S/m, respectively. Conductive
polymers usually lie in the semi-conductive region. Any material with conductivity value higher than 10 S/m is
considered a conductive material [43]. As shown in Table 3, adding PEDOT:PSS to CS/PVA increases the
conductivity of samples from the non-conducting range of the CS/PVA sample by around 100-fold, to the semiconductive range, where the scaffold containing PEDOT:PSS lies. It is worth mentioning that conductivity of
scaffolds containing PEDOT:PSS is close to the conductivity of native neural tissue in gray and white matter,
which is between 2 × 10−3-3.3 × 10−3 S/m [44]. Moreover, highest conductivity value reported for cardiac tissue is
between 1.9 × 10−2-2 × 10−2S/m, which was measured in native tissue [45]. Conductivity values of scaffold were
measured in dry condition. Considering the placement of these scaffolds in wet condition of in vitro or in
vivo condition, scaffolds will show higher values of conductivity, close to that of cardiac tissue. Conductive
scaffolds have been used previously as additive materials in tissue engineering. PPy was added to hyaluronic
acid, which increased the conductivity to 3.8 × 10−5 S/m where scaffolds were used for wound healing [43,46].
Also, adding PPy to cellulose nano-composites have shown to increase the conductivity of scaffolds up to
10−2S/m [43,47]. Moreover, PU-PEDOT composite have shown to increase the conductivity to 10−2S/m [43,48].
However, PU-PPy composite fabricated for cardiac and neural tissue engineering have shown conductivity of
10−4 S/m [43,49]. Influence of conductivity of scaffolds on cell behavior have been studied. Semi-conducting
PANi/gelatin scaffolds were used for cardiac tissue engineering and conductive PCL/PPy, PANi/PG and SIBS/PPy
were used for neural tissue engineering, where these scaffolds showed to be promising for growth, proliferation
and arrangement of cells [19,50,51].

3.4. Mechanical properties of scaffolds

Mechanical properties of electrospun nanofibers depends on different parameters, including chemical
composition of polymer, type of solution, collector properties, etc. [52]. Reduction in fiber diameter will reduce
the structural imperfections in fiber formation and will increase the tensile strength and stiffness of electrospun
fibers. In a similar study, it was shown that in electrospinning, crystallinity and molecular orientation are
increased, which in turn reduce the structural imperfections and increase the strength of fibrillar mats [52,53].
In our study, mechanical properties were evaluated using tensile testing, and results are shown in Fig. 4.

Fig. 4. Stress-strain curve of different nanofibrous scaffolds.
Tensile test results show that initially with the displacement of jaws, arrangement of fibers will change with no
significant force. However, applied force will be distributed into fibrillar structure, causing fibers to get aligned
with displacement direction. Afterwards, applied force will cause deformation in fibers. Lower fiber diameters,
due to higher crystallinity and molecular orientation, will show higher resistance to displacement [53,54]. This is
confirmed by higher Young's modulus in samples with higher PEDOT:PSS content and lower diameter. Similar
studies on PVA/MWCNT composites have shown a decrease in structural imperfections and higher mechanical

strength as a result of lower fiber diameter in polymeric network [54]. Also, it has been reported that a 5-fold
reduction of fiber diameter in PCL electrospun fiber will increase the mechanical strength by 20 MPa [53]. Also,
another reports on electrospinning of PCL showing that an increase in fiber diameter from 0.1 μm to 3 μm will
decrease the Young's modulus and tensile strength from 30.6 to 7.6 MPa and 6.3 to 0.9 MPa, respectively, as
well as 4-fold increase in strain at the point of failure [55]. Another study on electrospinning of Polyvinylidene
fluoride have also confirmed the influence of fiber diameter reduction on enhancing molecular arrangement and
mechanical properties [56]. In our study, as shown in Table 3, CS/PVA/PEDOT:PSS (0.6) and CS/PVA/PEDOT:PSS
(1) have been shown to have higher elasticity compared to other samples, which is related to less imperfections
in fibrillar structure and higher crystallinity. In CS/PVA and CS/PVA/PEDOT:PSS (0.3) samples, higher fiber
diameter have resulted in more imperfections in the structure, which will increase the deformation of fibers in
lower stress values. CS/PVA/PEDOT:PSS (0.6) and CS/PVA/PEDOT:PSS (1) scaffolds have shown to withstand up
to 16.45 MPa and 18.78 MPa, respectively, where fibers have shown to break together in a short time, leading
to failure of samples. However, in CS/PVA and CS/PVA/PEDOT:PSS (0.3)samples, fibers start to break gradually
from the start of deformation, which is due to high imperfection in structure of fibers. Therefore CS/PVA and
CS/PVA/PEDOT:PSS (0.3) samples show lower elasticity and tensile strength and, therefore, a lower toughness
(Table 3), which is the most important parameter in describing the mechanical properties [55]. Fig. 4 clearly
depicts that CS/PVA/PEDOT:PSS (0.6) and CS/PVA/PEDOT:PSS (1) samples have a toughness about 35%–45%
more than of CS/PVA/PEDOT:PSS (0.3) samples. Another factor that can affect the mechanical strength of
scaffolds containing PEDOT:PSS can be the presence of hydrogenic bonds between OH groups in PVA and
chitosan and SO3− groups in PSS of the conductive polymer dispersion [35,57,58].

3.5. Cell proliferation

Scaffolds were checked using MTT assay to check the cell viability on scaffolds. Optical Density (OD) results on
day 1, 3 and 7 of culture are shown in Fig. 5. All scaffolds containing PEDOT:PSS have shown a better support of
cellular viability and growth compared to CS/PVA sample and tissue culture plate (TCP) samples.

Fig. 5. MTT assay for mesenchymal cell proliferation on different nanofibrous scaffolds and TCP.
At day 1, TCP samples have shown a better OD compared to other samples. This may be due to a better
attachment of cells to TCP substrates, as well as applied stress to cells on scaffold samples, due to presence of
surface impurities from fabrication processes. It was shown in previous studies that upon seeding, mesenchymal
stem cell need at least 48 h to form proper attachment for spreading and division [59]. On day 3,
CS/PVA/PEDOT:PSS (0.3) and CS/PVA/PEDOT:PSS (1) scaffolds, among other scaffold samples, have shown to
have better support for cell division marked by higher OD values. In contrast, cells on CS/PVA/PEDOT:PSS (0.6)
scaffold have shown to have a higher cell death rate than cell division and number of live cells in the
CS/PVA/PEDOT (0.6) sample on day 3 was less than the other two samples, which could be due to the poor
surface properties of the scaffold, as shown in Fig. 8. The surface and linear roughness of the CS/PVA/PEDOT:PSS
(0.6) sample weakness leads to a decrease in cell adhesion. This will reduce the amount of cell proliferation on

the third day. Attachment, migration and division of cells highly depends on material surface properties and
their interaction with transmembrane proteins, including integrin [60,61]. In this regard, chemical and
topographical feature will embrace the fibrillar structure of electrospun mats and interact with them through
flexible ligands. In order to provide balance between elastic energy of cell membrane and curved structure of
fibers, ligand bonds between fiber surface and cell surface receptors will form in a highly stable form. In fact,
reduction of fiber diameter and increase in local curvature will cause stronger bonds in between surface
receptors and curvatures to maintain the balance in elastic energy of cell membrane [61,62]. Therefore,
reduction of fiber diameter will result in higher cell attachment as shown Fig. 6 and higher cell division,
specifically in scaffolds containing PEDOT:PSS, Although the fiber diameter increase in all samples is evident
after 3 days of cell culture, But the diameter of the fibers in the samples that containing the pedot pss is still
lower than the pure sample.

Fig. 6. SEM imaging of cell culture on 3 day: (a) CS/PVA, (b) CS/PVA/PEDOT:PSS (0.3), (c) CS/PVA/PEDOT:PSS
(0.6), (d) CS/PVA/PEDOT:PSS (1).

Fig. 7. 3D Laser Microscope images: (a) CS/PVA, (b) CS/PVA/PEDOT:PSS (0.3), (c) CS/PVA/PEDOT:PSS (0.6), (d)
CS/PVA/PEDOT:PSS (1).

Fig. 8. Linear and surface roughness of different scaffolds.
In a similar study on PGA/Collagen scaffolds, reduction of fiber diameter from 10 μm to 0.5 μm have increased
the attachment length from 40 nm to 90 nm [61]. In another study on the impact of scaffolds with sub-micron
fiber diameters, on stem cell culture, human adipose derived-MSCs (hASC) have shown to have significantly
increased cell attachment and cell division by reduction of fiber diameter [63]. Moreover, in culture of 3T3
fibroblasts on PCL scaffolds, it was shown that reduction of fiber diameter from 1.6 μm to 0.4 μm results in
higher attachment and division of cells. However, further reduction of fiber diameter results in bead formation
in fibers, which have been shown to negatively affect the attachment of cells [64].
On the other hand, surface roughness, and the factors describing it, can be very effective in describing the
impact of surface roughness on cell attachment and spreading [62,65]. Surface and linear roughness of scaffold,
which is shown in Fig. 7, have been analyzed by the 3D Laser Measuring Microscope. Higher surface roughness
will result in higher cell-surface interaction, affecting cell attachment and division. Scaffolds containing
PEDOT:PSS have shown to have higher topographical features as compared to CS/PVA and TCP surfaces, along
physical properties, which in turn enhance protein adsorption on scaffolds, cellular interaction with surfaces and
a better cellular support provided from scaffolds. These are confirmed by MTT assay results on day 7, where
lower fiber diameter, higher surface area and surface roughness and higher conductivity have enhanced cellular
metabolism and cell division on scaffold surfaces. Presence of conductive material will enhance the interaction
of proteins like fibronectin with surface, which in turn supports cell behavior and metabolism. As mentioned
earlier, conductive compartment in polymeric solution will increase the randomized direction of fibers, which
should reduce the roughness of surface [25,26]. However, random arrangement of fibers is not the only
influential parameter. Complex branching patterns in electrospinning will result in formation of areas with
higher geometric patterns. Conductive polymers will influence the formation and shooting patterns of jet in
different directions. CS/PVA/PEDOT:PSS (0.3) and CS/PVA/PEDOT:PSS (1) scaffolds have respectively shown the
highest surface roughness and linear roughness as shown in Fig. 8, which also show better support and
attachment of cells [54,62].
Therefore, considering the impurities on fibrillar structures remaining from fabrication process in initial days of
culture, lower cell viability on scaffolds has been observed. Afterwards, cell-surface interactions, facilitated with
surface roughness, randomly arrangement of fibers and lower fiber diameter have enhanced cell attachment,
metabolic activity and support on scaffolds samples [54,62,64]. To the best of our knowledge, except for a study
that reported that addition of PEDOT:PSS of more than 0.6 wt% in gelatin/bio-glass scaffolds have caused
toxicity in mesenchymal stem cells, there are no other highly significant reports on toxicity of PEDOT:PSS [66].

4. Conclusion
Cardiovascular engineering requires conductive scaffolds with suitable mechanical properties. Chitosan has
unique properties for tissue engineering applications but the lack of mechanical and electrical properties,
especially for the purpose cardiovascular engineering, has been a major obstacle to its use. By adding PEDOT:PSS
to the CS/PVA scaffolds in this study, causes significant progress in the electrical and mechanical properties of
heart tissue. Especially in the CS/PVA/PEDOT:PSS (1) sample, morphological and topology properties of the
scaffold are also enhanced, due to the decrease in fiber diameter. In the scaffolds containing the PEDOT:PSS,
more cell support was observed than the control samples, without any cell toxicity. In fact, with the presence of
PEDOT:PSS, all the properties of the base scaffold have been significantly improved at the same time. According
to the results, use of PEDOT:PSS is recommended in order to build scaffolds for cardiac tissue engineering
requiring special electrical and mechanical properties.
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